A proper excitation wavelength is much important for the application of surface-enhanced Raman spectroscopy (SERS) in the biochemical field. Here, based on a SERS substrate model with an incident Gaussian beam, we investigate the dependence of the electric field enhancement on the incident wavelength of the excitation laser for popular nanostructures, including nanosphere dimer, nanorod dimer, and nanorod arrays. The results in the present manuscript indicate that both the nanosphere and nanorod dimer present a much broader plasmonic excitation wavelength range extending to the near-infrared region. The enhancement effect of Nanorod arrays is strongly dependent on the incident direction of excitation light. Finally, according to the conclusions above, a SERS substrate consisting of nanocubes based on the SPP eigenmode is proposed and the electric field enhancement is homogeneous, and insensitive to the polarization of the incident laser. The enhancement factor is not ultrahigh; however, good homogeneousness permits for quantitative detection of lower concentration components in mixtures.
Introduction
Surface-enhanced Raman scattering (SERS) is a technique that enhances Raman signal as much as 10 10~1 0 11 by adsorbing molecules of interest on specific noble metal nanostructures. Therefore, various SERS substrates have been developed for the biochemical detection and imaging in recent years. Nanoparticles such as nanospheres [1] , nanorods [2] , and nanoshells [3] are the most popular nanostructures used as SERS substrates. Nanoparticle dimers are also proposed for SERS application because they have a much greater enhancement factor than single nanoparticles [4] [5] [6] (greater than 10 10 ). SERS phenomenon could be explained by plasmon resonance [7] (electromagnetic enhancement mechanism) or charge transfer resonance (chemical enhancement mechanism) [8, 9] . We give priority to the electromagnetic mechanism for designing specific metal nanostructure. The electromagnetic mechanism can also provide us quantitative explanations for unexpected SERS spectral changes. As we know, surface plasmon polaritons are excited when the incident laser wavelength overlaps with the extinction spectrum of nanostructures. Hence, the electric field around the nano-particle is enhanced significantly and the radiation intensity that passes through the nanostructure suspension solution decreases. Therefore, optical properties of nanoparticles were inspected by analyzing UV-vis spectra at all times [10] . However, what is the electric field like when the laser beam is focused on these nanostructures, and how are the electric field distribution and enhancement related to the excitation wavelength? Recent studies show that the effect of SERS on nanorod arrays are strongly dependent on the polarization and angle of the incident laser [11] . However, the connection between the excitation wavelength and the structure size has not been systematically explored for optimization of SERS detection sensitivity. In some conditions, the selection of the excitation laser wavelength is still bewildering, especially for chemists and biologists. Most commercial lasers possess linear polarization, the electric field of the optical wave possessing a variable magnitude but a constant direction along a straight line perpendicular to the direction of the wave. Here, we build an active electronicmagnetic model with the incidence of linear polarization Gaussian optical beam and study the relationship between the working wavelength and the enhancement factor of popular hotspot structures, including nanosphere dimer, nanorod dimers, and nanorod arrays distributed on a plane. In the last section of this paper, we propose a novel uniform SERS substrate, which is easy to fabricate. We evaluate the detection limit, homogeneity and stability of the enhancement along with its insensitivity to polarization ( Figure S1 and Figure S2 in supplementary materials).
Results and Discussions

Nanosphere Dimer
Nanosphere dimer is experimentally verified to have strong near-field enhancement, and it has been applied to SERS detection [12, 13] and imaging [14] [15] [16] . Chemists and biologists have found it useful for various applications in the biochemical field. At the same time, it is also a basic unit of the nano cluster system. Therefore, it would be of great significance to explore the characteristics of Nanosphere dimer upon the excitation laser with varying wavelengths, polarization, and incident direction. In 2009, Xia prepared dimers of silver nanospheres and explored experimentally the influence of the laser polarization on SERS effects and observed a wider working wavelength compared with single silver sphere [12] . In 2011, Blaber applied gold nanosphere dimers for SERS in the infrared region [17] . Here, to fully examine the wavelength dependence characteristics, we calculated the electric field distribution of an Au nanosphere dimer with the radius 50nm and varying top-to-top distance D (3nm, 5nm, 10nm, 20nm) upon an incident linear polarization light (E = Ey (x, y) ey, as shown in Figure 1(A) ). The surrounded medium is considered as a water solution with the refractive index n=1. 4 . The experimental permittivity values of Au [18] , varying with the working wavelength, were used for our calculation. Different from the single nanosphere, the hotspot effect is witnessed while the Gaussian beam is incident on the nanosphere dimer. The electric field around two nanospheres is similar to that of a single nanosphere while D is relatively large. However, a coupling of plasmon resonance between two nanospheres occurs, and the hotspot effects progressively enhance with the shrinkage of the gap (shown in Figure 1 (B)).
The enhancement factor (EF) of SERS can be estimated by the following formula [19] 
Where, |E 0 | = 1V/m is the modulus of incident field and E loc is the local electric field distribution on SERS substrate. Here, we calculated ⃒ ⃒ ⃒
Emax E0
⃒ ⃒ ⃒ 4 for evaluation of SERS enhancement. |Emax| is the maximum electric field on the straight line connecting the centers of the spheres and the relative value Figure 1 (C). Notably, in contrast to a single nanosphere, the nanosphere dimer presents high near-field enhancement upon much broader excitation wavelengths extending to the near-IR, which is friendly to biological samples because of its low photon energy. This localized near-field energy shift can be considered a direct consequence of the damped, driven harmonic oscillators [20] .
Nanorods Structures
Nanorods are still common nanostructures for constructing SERS tags because a single nanorod demonstrates a much broader surface plasmon resonance band than a single Nanosphere, extending to near-infrared wavelength [21] . Except for single nanorods, ordered Au nanorods arrays have also been developed as SERS substrates that produce a reproducible and strong SERS signal [22, 23] . Researchers further developed a gecko- inspired SERS platform composed of poly dimethylsiloxane nanorod arrays covered by silver nanoparticles [24] . For all those SERS structures, the wavelength and polarization orientation of the excitation light is very important for plasmon-induced electric field enhancement [25, 26] .
The excitation laser can be incident on nanorod arrays from the longitudinal direction (Figure 2(A) ) or the side direction (Figure 2(B) ). Nanorod arrays are composed of numerous nanorod dimers, so we first analyze the nanorod dimer. Here, to fully examine the wavelength dependence characteristics, we calculated the electric field distribution of an Au nanorod dimer with the radius a=50nm, height h=2a=100nm and varying top-to-top distance D (3nm, 5nm, 10nm, 20nm) . The surrounded medium is considered as a water solution with the refractive index n=1. 4 . In both incident cases, we set the polarization of the incident light as y direction to keep it in line with the dimer mode electric field. If the incident light is polarized along z or x direction, the hotspot will not be excited. The maximum electric field |Emax| on the plane formed by the long axis of two nanorods are calculated and the relative value ⃒ ⃒ ⃒ Emax E0 ⃒ ⃒ ⃒ (E 0 is the amplitude of the incident field) is shown in Figure 2 (C). Our analyses show that the hotspot can be excited between two nanorods whether the light is incident from the longitudinal or the side direction (Figure 2(C)  and (D) ). The nanorod dimer shows a similar phenomenon in which the hotspot electric field becomes stronger while the gap distance declines and disappears while the gap is over~40nm. In addition, the hotspot plasmonic effect works in broader wavelength ranges than that of the single nanorod (Figure 2(E) and (F) ). Notably, the dependence of the enhancement factor on the wavelength shows the same variation for both incidence cases, which is acceptable because the plasmon resonance wavelength is commonly determined by the structure parameters of the SERS substrate. This wavelength dependence in Figure 2 (E) and (F) also applies to nanorod arrays, but it is necessary to explore the electric field distribution for both incidence cases. As shown in Figure 3 , the results indicate that the side excitation should be carefully used for SERS detection because the plasmonic field is getting weaker along with the incident direction, and consequently, the enhancement efficiency is significantly decreased. 
Our Designed Structure and Application
The nanogap SPPs waveguide presents strong mode confinement and relative long propagation distance and the SPPs mode can be excited while the incident field owns the same direction with the electric field of eigenmode. Here, we propose a SERS substrate based on the concept of SPPs waveguide eigenmode. The substrate is composed of Au nanocube arrays and could be fabricated by electron beam lithography. It shows strong and homogenous electric field enhancement while the linear polarization light is vertically incident on it. The schematic diagram for the Gaussian beam incident on this structure is given in Figure 4(A) . Upon the working wavelength ranging from 300nm to 800nm, the electric field enhancement factor ⃒ ⃒ ⃒
Emax E0
⃒ ⃒ ⃒ has been analyzed for fixed side length of nanocube a=50nm and varying gap D=10nm, 30nm, 50nm (Figure 4(B) ).
In a broad range of visible light and the near-infrared region, our substrate shows good enhancement. Importantly, the hotspot presents a large area, accounting for half of the total substrate area, which leads to a much better average electric enhancement factor (Figure 4(C) ).
We also calculated the electric field distribution on the x-y section of our designed structure (a=50nm and D=30nm) at three excitation wavelengths 532nm, 633nm and 785nm, as shown in Figure 5 . The water solution with the refractive index n=1.4 is considered as the surrounded material. The hotspot effects of this structure are strongly dependent on the excitation wavelength, and the electric field in the gap of nanocube reaches the maximum at 633nm, which is consistent with the wavelength dependence curve (red dash line) in Figure 4 (B). To inspect the performance of this substrate, we fabricated this structure by electron beam lithography and detect crystal violet with low concentration on the spontaneous Raman system with 532nm laser excitation. The results indicate that the fluorescent background from crystal violet is significantly quenched by this substrate; the Raman signal with excellent SNR is acquired and the detection limit is as low as 10 −7 M (Figure 6(C) ). Furthermore, we mapped a 10um×10um area to acquire the Raman spectra from distributed points on our substrates, the intensity shows few changes and a few spots are caused by slight variation of SERS signal ( Figure 6(C) ). Due to the limitation of our equipment, we didn't perform our experiments on more excitation wavelengths though we believe that the higher detection limit could be achieved at 633nm excitation. It is commonly used for Raman signal excitation in the biological detection field. In the future work, we will develop 633nm Raman system and apply our substrates for spe- Particularly worth mentioning is that, the molecular adsorption on plasmonic nanostructures and the interaction between adsorbed molecules and enhanced electric-field play a great role for the SERS signal of specific components.
Experimental Section
Sample preparation:
PMMA was spanned at 3000 rpm on the SiO 2 /Si wafer using 5% 950 K PMMA solution in MIBK. The PMMA-coated wafer is annealed at 175 ∘ C for 90 min. The e-beam vectorscan system with a 30 nm beam size is used for fabrication. After exposure, the pattern is developed in a 1:3 mixture of MIBK and isopropanol at 21.2 ∘ C. The Au cube arrays are produced by e-beam evaporation of 5nm Ti and 45 nm Au using the developed patterns as a template. Our SERS substrate is obtained after the lift-off process in hot acetonẽ 90 ∘ C. Crystal Violet (Amresco0528) was purchased from
Amresco. The substrate is cleaned out before usage. 1µL
water solutions of Crystal Violet with 10 −5 µM, 10 −6 µM and 10 −7 µM concentrations are allowed to stand for 2hs to ensure a thin layer coverage on the nanostructure.
Raman spectra measurement:
Raman spectroscopy was performed using Alpha 300R confocal Raman microscope system (WITec, Germany) equipped with 532 nm (Verdi V-6) as laser sources for excitation, and ACTON 300i spectrometer with Pixis Spec 10-100 CCD camera (Princeton Instruments, Trenton, NJ). The laser beam was focused into the sample by a Zeiss LD EC Epiplan-Neofluar 50x objective lens with NA 0.55 (Nikon, Japan).
Numerical calculation:
The characteristics and the electromagnetic field distributions of all nanostructures were calculated based on 3D FEM methods (COMSOL Multiphysics) with perfect matching boundary condition. In calculations, a linearly polarized Gaussian beam was used to illuminate the nanostructures and non-uniform meshes were employed to save computation time (the maximum mesh λ 0 /8 and the minimum mesh 2nm is used for validity of our calculation). The dielectric function of gold was taken from a fitting model offered by COMSOL software. We considered the surrounded medium as the water solution with the refraction index n=1.4 for all nanostructures.
Conclusion
The present paper established an active model of SERS substrate and investigated the dependence of electric field enhancement on the excitation wavelength for several typical hotspot nanostructures based on this active model. The results are of great value for designing novel SERS substrate and selection of the excitation wavelength in SERS experiments. Furthermore, we proposed a nanotube array of SERS substrate with high SERS activity, stability, and reproducibility. This substrate is manufactured by electron beam lithography, its shape and spatial arrangement being finely controlled. The enhancement factor of our substrate is not as high as that of NS dimer with a small gap, but the SERS signal can be obtained over the whole sample surface, rather than at discrete points. In addition, we believe that further optimization of the electron beam lithography process will increase the electric field enhancement factor. In addition, this substrate has exhibited long-standing stability and can be used repeatedly after ultrasonic cleaning; hence, this substrate is more applicative for liquid bulk detection in the biological and chemical fields. Figure S1 : Curve of average electric field enhancement with the working wavelength (E 0 is the amplitude of the incident Gaussian beam; |Eave| is obtained by averaging |E| in the whole space area)
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